Since its origins, thousands of years ago, agriculture has been challenged by 5 the presence of evolving plant pathogens. In response, current practices have 6 started relying on computational tools to design efficient prospective planning, 7 but further efforts for multi-criteria assessment are needed. Here, we present a 8 methodology for developing cultivation strategies optimal for control or eradication 9 of pathogens. This approach can integrate both, traditionally used criteria in crop 10 rotations and the analysis of host-pathogen coevolution systems where hosts are 11 artificially selected. Our analysis shows that prospective planning can maximise 12 cash yield in the long run by investing consecutively in soil quality during initial sea-13 sons. Importantly, rational application of crop rotation patterns can minimise yield 14 loss in infected fields, despite the evolution of pathogen virulence. Our results pro-15 vide strategies for optimal resource investment for increased food production and 16 lead to further insights into minimisation of pesticide use in a society demanding 17 efficient agriculture. 18 evolution 20 1 65 variants of the original crops and analysing the corresponding pathogen adaptation 66 following previous models [18]; and (ii) proposing new rotation sequences which show 67 better performance in infection conditions. 68
Introduction
Around ten thousand years ago, changes in climate conditions led to the emergence 22 of agricultural practices in human hunter-gatherer communities around the globe [1] . 23 This process of domestication -or artificial selection -has been refined along cen- 24 turies through trial and error combined with experience, increasing the quantity and 25 quality of the product. In the case of plant agriculture, the presence of pests has been 26 a substantial threat to farmers [2] . The first farmers already tried to overcome the 27 pest problem by employing field rotations, i.e., shifting cultivation techniques [3, 4] . 28 As human population continues to multiply, current agriculture practices need to ad-29 dress a two-fold problem of the dearth of enough food supply and plant pathogens. 30 Techniques such as slash-and-burn, pesticides and fertilisers are used for increasing 31 yield as well as dealing with pests, but do not contribute to agricultural sustainability 32 [5]. Thus, current research needs to focus on developing cropping techniques which 33 increase yield and minimise the environmental impact [6] . Farmers have now started 34 relying on data-based computational tools to design agriculture strategies. Among 35 others, the computational tools involve decision support models for choosing optimal 36 cropping plans and crop rotation decisions [7, 8] . The models guide allocating crops 37 depending on their characteristics -botanical family, market demand, or soil demands 38 -, considering spatial distribution and temporal successions. However, these models 39 are presented as static decisions and the optimisation procedure often lacks multicri-40 teria assessment [9] one such being plant pathogens. 41 In evolutionary biology, models on host-pathogen coevolution have contributed to 42 understanding the relationship between some pathogens and their host crops, for ex- 43 ample, regarding the specificity of the interaction [10, 11] . Plant-pathogen coevolution 44 is a natural selection process happening in tandem with artificial selection of domes- 45 tication, and the interface between them is worth studying. Recently, authors have 46 highlighted the use of plant-pathogen coevolution in formulating disease management 47 strategies and avoiding the increase of infectivity in pathogens [12, 13, 14, 15, 16] . 48 When observing evolutionary dynamics, a change in the crop type acts as a per-49 turbation leading to frequent selective sweep-like dynamics. Tracking the frequency 50 and speed of such sweeps would be useful in detecting periods of lower fitness and 51 reduced population size; in which the pathogen could be pushed to extinction [17] . 52 Thus, including plant-pathogen coevolution -a natural selection process -in the 53 study of crop rotations would be a new approach for tackling agricultural problems. 54 Here, we aim to design a cultivating strategy optimal for pathogen eradication, 55 integrating criteria traditionally used on crop rotations, and host and pathogen coevo-56 lution. We have developed an optimisation model for crop rotation patterns which ap-57 points soil quality and cash yield value as variables of interest. When infection occurs, 58 ecological dynamics play out in the short term. Host-pathogen competitive dynam- 59 ics predicts yield loss depending on crop resistance, as well as changes in pathogen 60 load. Evolution of host resistance and pathogen virulence is considered by mutation 61 of the pathogen into strains which are able to infect the host more efficiently. While 62 some crop rotation patterns are optimal in pathogen-free scenarios, different patterns 63 are shown to be robust to infections, despite minor damages or sub-optimal yield 64 output. Improvement strategies are proposed by (i) introducing engineered resistant • Soil quality (q t ): Soil quality decreases following a logistic decay curve for n 1 consecutive h 1 cash crops, and increases with logistic growth for n 2 consecutive h 2 cover crops. The parameter β i regulates the intensity and direction of the soil quality change given crop type i: we set β 1 = −1.5 for soil quality decrease by h 1 , and β 2 = 1 for soil quality increase by h 2 , considering that it Each time step corresponds to a harvesting season. Dots indicate discrete values for soil quality (circles) and cash (squares). Season crop type is indicated in orange for cash crops h1, and green for cover crops h2. Fitness F is equivalent to the cash yield value at t = L (here t = 10).
is more difficult to improve soil quality than to decrease it (see Supplementary Material). We assume that the soil quality cannot increase indefinitely, reaching a saturation value -or carrying capacity -of K. We choose K = 2, for which approximately n 2 = 4 harvesting seasons are needed to reach it with β 2 = 1, similar to experimental work [19] . q t = Kq t−1 e βini K + q t−1 (e βini − 1)
(1)
• Cash yield (y t ): Cash yield increases in proportion to the soil quality of the previous time-step q t−1 , regulated by the effective crop ratio δ i , and the crop yield contribution γ i . For cash crops we set γ 1 = 1, considering cash yield increases as much as the soil quality, in a 1:1 ratio. For cover crops, there is no cash yield, being γ 2 = 0. Overall cash yield is accumulated along the rotation sequence time-steps. y t = y t−1 + γ i q t−1 (2)
• Fitness (F ): Given that we consider fitness to be the total economical benefit 99 that a sequence provides, we set it equivalent to the total accumulated cash 100 yield (i.e. y L ). 101 Fitness of each sequence in a population of sequences of length L = 10 is computed 102 according to the above-defined functions and analysed. 103 Results show that fitness distribution of the population of rotation sequences of 104 L = 10 (N = 1024) has a non-zero (positive) skew: the proportion of sequences with 105 high fitness values is small, indicating it is crucial to know the patterns underlying 106 them ( Fig. 2a ). We have analysed the selection of sequences with a fitness value 107 greater than two standard deviations from the mean, with the sequence population 108 being reduced to N = 16. From this selection, we can observe the following pat-109 terns: (a) all sequences in the selection have an equal proportion of cover and cash 110 crops; (b) all sequences in the selection end with a minimum of two cash crops; (c) 111 most sequences start with cover crops, and the ones that start with cash, they set 112 consecutive cover crops in the next seasons ( Fig. 2b, 2c ). 113 114 In natural settings, the process of coevolution between the host plant and its pathogen 115 can lead to the cyclic evolution of host resistance and parasite virulence, maintaining 116 genetic diversity [14] . In agriculture, humans are the selecting agent: they decide 117 which host grows in the next generation. While being economically important, the 118 selected crop can be particularly vulnerable to pathogens which it has not coevolved 119 with. Moreover, there are only a few major agricultural cash crops; resulting in less 120 genetic diversity in host crops and more disease susceptibility [21] . In this section, 121 we see how the introduction of a pathogen into our system modifies the fitness of the 122 rotation sequences. We start with a simple infection scenario in which a pathogen 123 p can infect cash crops h 1 , but not the cover crops h 2 . As an example, the fungi 
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into strains which can exploit the cash host more efficiently, Eq. (4). The evolved 156 pathogen cannot evolve to infect the cover crop since cash and cover are assumed to 157 be phylogenetically distant.
The new equations have two important elements: the transition matrix Q kj and the fitness matrix W ji . The transition matrix Q kj corresponds to the probabilities of the pathogen to mutate into other strains. We define four possible mutants, separated by however, the pathogen dies out to to the lack of a suitable host to grow on. a genetic distance d from the original strain. Mutation can happen between strains which are one mutational step away (d = 1) with a transition probability µ = 0.1.
For the fitness matrix W ji , we set the fitness of the original pathogen p 1 to w 11 = 1 the infection by the end of the season, making the fitness value decrease. 172 We need to compute how much yield is lost due to the pest, and for that, we have included a new parameter: the effective crop ratio, or δ i . It indicates the proportion of crops that contribute to the change in soil quality or cash yield. To represent the loss, we have set δ i to be the ratio of the density of hosts remaining at the end of the season h i and the initial host density H, Eq. (6), Included in the equations of soil quality and cash yield, Eqs. (7) , δ i modifies the out-173 come of the season.
Therefore, in neutral conditions there is no loss of host density and δ i = 1. In infection In our model, we modify the transition Q * kj and fitness W * ji matrices to include 208 gene-for-gene evolution of the pathogen. Each specialist pathogen p j can mutate, 209 with a transition probability µ, into its corresponding generalist variant p * j . Further-210 more, each strain of p j and p * j can mutate into fitter strains of their type (Fig. 6 ). In 211 W * ji , parameter α corresponds to the gradient between matching alleles and gene-212 for-gene infection models, as described in [18] . We also include a cost κ of carrying 213 a resistant allele for the mutated pathogen. 214 Replacing the previously susceptible cash crops h 1 with resistant cash crops h * 1 , 215 the frequency of newly evolved pathogens p j * increases until it outcompetes the old 216 strains of pathogen p j (Fig. 6c ). Because of the cost of resistance of the evolved 217 pathogen and the initial cash host resistance, the effect on yield loss is diminished. 218 However, infection persists due to the adaptation of pathogen. The beta parameter indicates how fast a particular crop increases or decreases, ac-301 cording to its sign, the soil quality. Depending on its value, we expect the optimal 302 patterns to be different: if cover crops improve soil quality rapidly, and cash crops 303 decrease it very slowly, we would expect that optimal patterns have few cover crops, 304 compared to the number of cash crops. In our case of study, we set β 1 = −1.5 for 305 cash crops (h 1 ) and β 2 = 1 for cover crops (h 2 ), making soil quality decrease faster 306 when one cash crop is cultivated, than the increase cover crops bring during one 307 season. Using these β values, the optimal sequences presented a ratio of cash:cover 308 crops of 1:1. to higher fitness. Combinations in which the absolute value of β 1 equals β 2 , the ratio 324 cash:cover is approximatively 1, leading to patterns and fitness maximum similar to 325 the ones studied in the paper. Those cases in which β 1 is greater than β 2 tend to have 326 low fitness maximum and low ratio cash:cover. Because of cover crops improving the 327 soil quality slowly, many of them are needed to take profit of cultivating cash crops, 328 reducing the cash season and thus, the economic outcome, or fitness. A frequency of 0 indicates that in all optimal sequences, cover crops are cultivated for that season. 
